These observations suggest that although CINAP deletion in mice does not influence learning and memory behaviors, CINAP is required for restriction of locomotor and exploratory activities.
Introduction
X-linked mental retardation is a common and genetically heterogeneous disorder; the calcium/calmodulindependent serine protein kinase (CASK) was recently identified as a causative agent of X-linked mental retardation [1] [2] [3] [4] . In addition to cognitive impairment, mutations in human CASK result in brain malformation and even lethality [4] , while in mice, targeted deletion of CASK leads to lethality 1-2 days after birth [5] . Taken together, these genetic analyses highlight the importance of CASK in brain development and function [6] .
CASK was originally identified as a multidomain scaffold protein that is widely distributed among subcellular compartments of neurons and interacts with a variety of cellular proteins. It therefore participates in several distinct processes, including synapse formation, synaptic targeting of ion channels, and transcriptional regulation [6, 7] . In the nuclei of neurons, CASK interacts with at least three nuclear proteins: T-box transcription factor Tbrain-1 (Tbr1) [8] , CASK-interacting nucleosome assem-bly protein (CINAP) [9] , and the zinc finger transcription factor B cell lymphoma 11A (Bcl11A) [10] . Both Tbr1 and Bcl11A recognize specific DNA sequences and bind to chromosomal DNA. CINAP, also known as differentially expressed nucleolar TGF-␤ 1 target (DENTT) [ 11] , cell division autoantigen 1 nucleolar protein (CDA1) [ 12 ] , or testis-specific Y-encoded-like protein 2 (TSPYL2), is involved in the regulation of nucleosome assembly [9] . Tbr1 and CINAP interact with CASK [9] to form a complex that modulates gene expression of N-methyl-D -aspartate receptor subunit 2b (NMDAR2b) [9, 13] . Deletion of Tbr1 or knockdown of CINAP expression in neurons reduces the protein levels of NMDAR2b [9, 13] . The CASK-Bcl11A complex regulates axon branching and outgrowth [10] ; unlike Tbr1, thus far there is no evidence that CINAP forms a complex with Bcl11A [10] .
Since CASK acts as a scaffold protein and interacts with many neuronal proteins [6, 7] , we wished to investigate the physiological roles of individual CASK-binding partners in order to dissect the molecular functions of CASK in brain development and function. Given that the CINAP-CASK-Tbr1 complex modulates NMDAR2b expression in cultured hippocampal neurons [9] , and that NMDAR is critical for learning and memory, we suspected that the CINAP-CASK-Tbr1 complex may be relevant to the mental retardation phenotype in patients carrying a CASK mutation. In this report, we generated CINAPdeleted mice to explore the physiological significance of CINAP. Although we unexpectedly found that CINAP deletion had no obvious effect on memory, the CINAP knockout mice exhibited higher locomotor and exploratory activities than their wild-type littermates, suggesting a role for CINAP in cognition, although CINAP may not be critical for learning and memory.
Materials and Methods

CINAP Knockout Mice
To construct the CINAP targeting vector, a genomic fragment containing the CINAP locus was first subcloned from a bacterial artificial chromosome clone (RP23-382J5) into a modified pBluescript vector containing a thymidine kinase cassette, a negative selection marker in embryonic stem (ES) cells, by a recombineering-based method [14] . The first lox P site and an Eco RI site were inserted in front of the CINAP translational start codon. The second lox P site and the flippase recognition site (FRT)-flanked Neo cassette, the positive selection marker for gene targeting in ES cells, were introduced into the first intron. The CINAP targeting vector was delivered into C57BL/6 ES cells for production of chimeric mice that were crossed to C57BL/6-C2J albino strains; germline transmission was screened by coat color and genomic PCR with the primer pair 5 -TCAAGTGTGACTGGTGGCTAC-3 and 5 -CTATCTGTTGCTCCGTTTATGG-3 . To generate CINAP +/-female mice, CINAP +/targ female mice were bred to male E2A-Cre mice [15] . The CINAP +/-females were then crossed to wild-type C57BL/6 males to generate CINAP knockout male mice (CINAP -/y ) and wild-type male littermates (CIANP +/y ) for experimentation. Genotyping was carried out by genomic Southern blotting with the DNA fragments containing nucleotide residues 16,995-17,643 and 29,047-29,594 of clone RP23-382J5 as the 5 and 3 probes, respectively.
Antibodies
Three regions of the CINAP protein, amino acid residues 1-208, 392-677, and 612-277, were fused to glutathione S-transferase and expressed in the bacterial strain BL21 codon(+). CINAP-1-208 was used as an immunogen to produce rabbit polyclonal antibodies. The CINAP-392-677 and 612-677 fusions were used to immunize mice. B cell hybridoma 2G9 was generated from a mouse immunized with CINAP-612-677 fusion proteins. Rabbit anti-NMDAR2B was purchased from Chemicon. Mouse monoclonal antibodies against ␤ -tubulin and ␤ -actin were obtained from Sigma.
Histology and Immunostaining
Mice 12-15 weeks old were anesthetized with a 4: 1 mixture of 40 mg/ml ketamine and 16 mg/ml xylazine and perfused with 30 ml of cold phosphate-buffered saline followed by 30 ml of 4% paraformaldehyde in phosphate-buffered saline. After postfixation in 4% paraformaldehyde overnight at 4 ° C, 50-m-thick coronal sections were collected using a Vibratome. For examination of brain anatomy, coronal sections were stained following a protocol combining Luxol fast blue and Nissl staining. For immunoflourescence staining using CINAP 2G9 antibody, brain sections were incubated with 10 g/ml 2G9 for 48 h at 4 ° C, followed by application of the Tyramide Signal Amplification kit (PerkinElmer).
Animals and Behavioral Analyses
All animal experiments were carried out with the approval of the Academia Sinica Institutional Animal Care & Utilization Committee in strict accordance with its guidelines and those of the Council of Agriculture Guidebook for the Care and Use of Laboratory Animals . Animals were housed in the animal facility of the Institute of Molecular Biology, Academia Sinica, under controlled temperature and humidity.
Fear Conditioning. One day before training (D-1), mice were pretrained in a habituation chamber (box B, 15 ! 15 ! 20 cm) to habituate operator and equipment. On the training day (D0), mice were first placed in the conditional chamber (box A, 15 ! 15 ! 20 cm) for a 4-min habituation, and then presented with three tone-shock pairings, which were three repeats of a tone (conditioned stimulus, CS; 18 s, 2 kHz, 80 dB) followed by an electronic foot shock (unconditioned stimulus, US; 0.6-0.7 mA, 2 s) with a 1-min intertrial interval. After training, mice were returned to their home cages. At day 1 (D1), mice were put back in the conditional chamber (box A) in the absence of tones and foot shocks for 10 min to measure the freezing responses to a contextual environment (contextual fear conditioning). The average freezing percentage of the first 3 min indicated the degree of contextual memory. On day 2 (D2), mice were placed in box B and received 20 tones (20 s, 2 kHz, 80 dB) with 5-second intertrial intervals to measure the freezing response to auditory stimulation. The freezing percentages responding to the first four tones were averaged to reflect auditory fear conditioning. Freezing behaviors were measured using the FreezeScan TM 2.0 system (CleverSys Inc.).
Conditioned Taste Aversion (CTA). During pretraining days, mice were deprived of water in their home cages and received their daily water for 15 min in the experimental cages. On conditioning day (D0), mice received 100 m M sucrose as an unfamiliar taste for 15 min, and then were injected intraperitoneally with LiCl (0.15 M , 20 l/g of body weight). Mice were returned to their home cages and monitored for diarrhea. Mice were tested simultaneously every other day in the experiment cages with two drinking bottles containing 100 m M sucrose and water for 15 min. Memory of the CTA was determined by the sucrose preference, which is reported as the percentage of the volume of consumed sucrose of the total consumed liquid (volume of consumed sucrose plus volume of consumed water).
Home Cage Behavior. Mice were habituated in individual cages at least 2 days before recording by a camera set in front of the home cage. During the experiment, food and water were provided ad libitum. Infrared-ray light-emitting diodes illuminated the behavior room for recording during the dark cycle. The recording time was from 13: 00 to 12: 00 for a total of 23 h. The videos were then analyzed for mouse behaviors using the HomeCageScan system (CleverSys Inc.).
Open Field Test. Locomotion and exploratory behaviors were measured in a new environment (transparent plastic box 40 ! 40 ! 30 cm). The area of the central region was equal to the total area of the four corners, and the regions were marked on the bottom of the box. Each mouse was placed individually in the center of the box, and its movement distance was recorded from the top by videotaping for 30 min. The rearing number was counted manually. The total moving distance and the time spent in the four corners and the center area were quantified with the Smart Video Tracking System (Panlab).
Novel Object Recognition Test. After completion of the open field experiment, mice remained in the box for an additional 30 min. One day later, mice were returned to the same test box for another 30 min. On day 3, the mice were placed into the same test box for 30 min, after which a novel white paper cup (7.5 cm in diameter and 9.5 cm in height) was securely placed upside down in the center of the box. The exploratory activities of the mice regarding the novel cup were observed for an additional 10 min. The time spent within a diameter of 20 cm from the object (center access) was assessed using the Smart Video Tracking System. Y Maze. Immediate memory was tested with a Y-maze apparatus consisting of three identical arms of enclosed Plexiglas (40 ! 4.5 ! 12 cm) 120° apart. Each mouse was placed at the end of one arm facing the center and allowed to freely explore for 8 min.
The movement in the Y maze was videorecorded from the top. The series of arm entries was analyzed with the Smart Video Tracking System. Actual alternation was defined as consecutive entries into each of the three arms without repetition (for example, ABC, BCA, CAB). Spontaneous alternation was defined by dividing the number of actual alternations by the number of possible alternations (total arm entries -2).
Statistical Analysis
Data are presented as mean values 8 SEM, with n indicating the number of animals analyzed. Statistical analysis was performed using the independent samples t test. All analyses were performed with the software SPSS (version 10.0.7C, SPSS Inc., Chicago, Ill., USA).
Results
Generation of CINAP Knockout Mice
The mouse CINAP gene is located at chromosome X 64.0 cM; the entire CINAP coding region is distributed among seven exons ( fig. 1 a) . To disrupt CINAP expression, the recombineering system [14] was used to introduce a loxP site in front of the translational start codon and a Neo cassette flanked by FRT and loxP sites into intron 1 ( fig. 1 a) . Seven targeted ES cell lines were identified by screening 383 clones; two of these lines were then used for blastocyst injection to generate chimeric mice. After germline transmission, mice carrying the targeted allele were then crossed to Act-Flp mice [16] to remove the Neo cassette. Mice carrying the floxed allele ( fig. 1 a) can be used to generate global knockout mice as well as tissuespecific knockout mice. In this report, we crossed our mice to E2A-cre mice [15] to create a global CINAP knockout mouse line. Genomic PCR ( fig. 1 b) and genomic Southern blotting ( fig. 1 c) confirmed the deletion of the first exon of CINAP . As CINAP is X-linked, we focused on the phenotypes of hemizygous males in the following study.
Basic Characteristics of CINAP Knockout Mice Are Normal
In general, CINAP knockout males appeared normal and healthy ( fig. 2 a) and were fertile. Their body weights were indistinguishable from those of wild-type littermates ( fig. 2 a, b) . In addition, the gross appearances of CINAP knockout mouse brains were also normal ( fig. 2 cf) , suggesting that the lack of CINAP does not impact gross neuroanatomy.
To facilitate the analysis of the CINAP knockout mice, we generated rabbit polyclonal and mouse monoclonal antibodies against mouse CINAP ( fig. 3 a, b) . As the mouse 2G9 monoclonal antibody provided a strong and specific signal ( fig. 3 b) , we used this monoclonal antibody for analysis of CINAP protein expression in the brain. Consistent with our previous investigations [9, 17] , monoclonal antibody 2G9 detected a protein species at the position of ϳ 130 kDa in a gel ( fig. 3 b, c) . Immunoblotting revealed a wide CINAP distribution in various regions of the wild-type mouse brain ( fig. 3 c) . Immunostaining also demonstrated that CINAP was widely expressed in different brain regions, with the highest protein levels in the hypothalamus and amygdala-associated nuclei ( fig. 3 d) . These immunoreactivities were specific as the signals were not present in the CINAP knockout brain ( fig. 3 b-d ).
NMDAR2b Expression Is Not Altered in CINAP Knockout Mice
As CINAP was previously shown to regulate NMDAR2b expression through the interaction with CASK and Tbr1 in cultured hippocampal neurons [9] , we wondered whether CINAP deletion affected NMDAR2b protein expression in the brain. Adult mouse brains were first analyzed. Total homogenates of various brain regions were prepared and immunoblotted with an antiNMDAR2b antibody. Unexpectedly, NMDAR2b protein levels were comparable in CINAP knockout mice and wild-type littermates, regardless of the brain region analyzed ( fig. 4 a, b , n = 3). Since NMDAR2b expression is developmentally regulated [18] [19] [20] , we then investigated whether CINAP is involved in the regulation of NR2b expression at the early developmental stage. Two time points were examined, which are embryonic day 18.5 (E18.5) and postnatal day 14 (P14). Similar to the results obtained with adult mouse brains, the NR2b expression levels did not differ noticeably between CINAP knockout mice and wild-type littermates at both E18.5 ( fig. 5 a, n = 3) and P14 ( fig. 5 b, n = 3 ). In conclusion, these data indicate that CINAP deletion did not apparently influence the in vivo baseline expression of NMDAR2b.
Hippocampus-and Amygdala-Dependent Associative Memory Is Normal in CINAP Knockout Mice
Although the NMDAR2b protein levels in CINAP knockout mice were comparable to those in wild-type littermates ( fig. 4, 5 ) , we assessed mouse learning and memory behaviors to directly investigate the involvement of CINAP in the regulation of learning and memory behaviors. We included mice aged 3-4 months as well as mice 13-15 months old. We first performed the Y-maze behavioral assay to examine immediate memory by discerning which maze arm was entered last in a Y-shaped maze. Although spontaneous alternation, as determined by examining the sequence of visits to all three arms for consecutive choices, was slightly lower in CINAP knockout mice than in wild-type littermates, particularly in 3-to 4-month-old mice, the differences were not statistically significant ( fig. 6 a; for 3-to 4-month-old mice, Wt, n = 18, KO, n = 22; for 13-to 15-month-old mice, both Wt and KO, n = 14), suggesting that CINAP deletion does not obviously influence immediate memory.
The classical Pavlovian paradigms of CTA and fear conditioning were used to assess associative memory of CINAP knockout mice. In CTA, an amygdala-dependent fig. 6 b) . Two days after training, similar to their wild-type littermates, CINAP knockout mice remembered the sucrose-induced aversive response and drank less sucrose solution but more water, leading to a low sucrose preference ( fig. 6 c; both Wt and KO, n = 20). This observation suggests that amygdala-dependent memory is normal in CINAP knockout mice. We further examined whether CINAP is involved in CTA extinction by measuring sucrose preference every other day. Similar to their wild-type littermates, CINAP knockout mice drank increasing volumes of sucrose solution from day 4 to day 20 after training. Although the sucrose preference of CINAP knockout mice was slightly higher than that of wild-type littermates, the difference was not statistically significant ( fig. 6 c) , suggesting that deletion of CINAP does not impact CTA extinction.
We employed fear conditioning to further assess the learning and memory behaviors of CINAP knockout mice. Mice were trained to associate emotional neutral conditioned stimuli (a novel environmental cue and auditory cue) with an aversive unconditioned stimulus (an electronic foot shock; fig. 6 d) . Auditory fear conditioning requires the amygdala, and the hippocampus is also involved in contextual fear conditioning. Memory in this paradigm is reflected in freezing behaviors. Although the basal measurements of the freezing response were significantly different between CINAP knockout mice and wild-type littermates ( fig. 6 e; 3-to 4-month-old mice, n = 12, basal: t 22 = -2.898, p = 0.008; 13-to 15-month-old mice, n = 14, basal: t 26 = 3.594, p = 0.001), the freezing responses directly after three electronic foot shocks were comparable ( fig. 6 e) . For associative memory, neither contextual nor auditory fear conditioning was affected in CINAP knockout mice regardless of the age of mice ( fig. 6 e, upper panel for 3-to 4-month-old mice; lower panel for 13-to 15-monthold mice). Combined with the observations in CTA, these analyses suggest that CINAP deletion does not impair hippocampus-or amygdala-dependent associative memory.
CINAP Knockout Mice Have Higher Locomotor and Exploratory Activities in a Novel Environment
We then assessed the impact of CINAP deletion on mouse behaviors, including the open field test and the elevated plus maze. For the open field test, the mice were placed in a new box for a period of 30 min, and the horizontal movement (travel distance) and vertical movement (rearing) in the box were recorded. The cumulative travel distances of 3-to 4-month-old and 13-to 15-month-old CINAP knockout mice were slightly but significantly longer than those of their wild-type littermates ( fig. 7 a; 4-month-old mice, Wt, n = 14; KO, n = 16; 6 min: t 28 = -2.364, p = 0.025; 9 min: t 28 = -2.17, p = 0.038; 12 min: t 28 = -2.329, p = 0.027; 15 min: t 28 = -2.257, p = 0.031; 18 min: t 28 = -2.122, p = 0.042; 30 min: t 28 = -2.095, p = 0.045; 13-to 15-month-old mice, both Wt and KO, n = 14; t 26 = -3.342, p = 0.0025). In addition, the number of rearings was significantly higher in CINAP knockout mice ( fig. 7 a; 3-to 4-month-old mice, t 28 = -4.464, p = 0.0001; 13-to 15-month-old mice, t 26 = -3.056, p = 0.005). These data suggest that exploratory activity is higher in CINAP knockout mice. To further confirm this observation, the novel object recognition was examined at the end of the open field test. For 3-to 4-month-old mice, the total time required to approach the novel object was similar between CINAP knockout mice and their wild-type littermates ( fig. 7 a, upper right panel) . However, at the age of 13-15 months, CINAP knockout mice spent significantly more time approaching the novel object ( fig. 7 a, lower panel; 13-to 15-month-old mice, t 26 = -2.172, p = 0.039). In conclusion, these analyses support a role of CINAP in locomotor and exploratory activities in a novel environment.
We also analyzed the anxiety of the mice during the open field test. CINAP knockout mice and their wildtype littermates spent equal fractions of time in the center of the arena regardless of age ( fig. 7 a, central/corner) , suggesting a lack of anxiety in CINAP knockout mice. To confirm this observation, we implemented the elevated plus maze and found that 3-to 4-month-old and 13-to 15-month-old CINAP knockout mice spent similar amounts of time as their wild-type littermates in the open arm ( fig. 7 b; 3-to 4-month-old mice, Wt, n = 14; KO, n = 16; 13-to 15-month-old mice, both Wt and KO, n = 14), indicating that CINAP deletion does not impact anxiety.
Higher Exploratory Activity of CINAP Knockout Mice in Home Cages
We also assessed the locomotor and exploratory behaviors of CINAP knockout mice in their home cages through videorecording and automated analysis (see 'Materials and Methods'), quantifying the frequency and duration of the behaviors. More than 20 different home cage behaviors and the circadian rhythm of these behaviors can be analyzed with this technology [21] . Under regular housing conditions, it is clear that CINAP knockout mice had normal circadian rhythms ( fig. 8 ; Wt, n = 14; KO, n = 16). In the home cage, although the travel distance of CINAP knockout mice was slightly longer than that of their wild-type littermates, the difference was not statistically significant ( fig. 8 a, 9 
Discussion
CINAP and Learning/Memory
Human CINAP is located at Xp11.2, and is included in the nonspecific X-linked mental retardation MRX81 locus (Xp11.2-Xq12) [22] . Although we previously determined that CINAP regulates NMDAR2b expression in cultured hippocampal neurons, NMDAR2b protein levels were not significantly changed in the brains of our CINAP knockout mice. The Y-maze, fear conditioning, and CTA tests also revealed that the performances of CINAP knockout mice in immediate and associative memories were comparable with those of wild-type littermates. Taken together, these observations suggest that CINAP deletion does not influence the learning and memory abilities of mice.
It is unclear why CINAP did not appear to regulate NMDAR2b expression in vivo, and several possible scenarios may explain this unexpected observation. First, there are more than a dozen nucleosome assembly proteins defined by the conserved nucleosome assembly protein domain in the mouse genome, including CINAP [23, 24] . Since the nucleosome assembly domain of CINAP is the interacting domain for CASK [9] , other nucleosome assembly proteins are likely to compensate for the CINAP deletion in the brain, rescuing the deficits in NMDAR2b expression and learning/memory performance. Another possibility is that CINAP may regulate NMDAR2b expression and learning/memory performance under specific conditions that were not pertinent in our assays. We previously showed that the interactions among CASK, CINAP, and Tbr1 are enhanced by protein kinase A phosphorylation of CASK [25, 26] . Consequently, NMDAR2b protein levels and promoter activity increase upon protein kinase A activation [25, 26] . Perhaps the main role of CINAP in the regulation of NMDAR2b expression is to respond to the protein kinase A pathway; if this is the case, the effect of CINAP deletion on NMDAR2b expression may not be obvious in vivo. More investigations are required to examine these possibilities.
CINAP and Exploratory Locomotor Activity of Mice
We observed a remarkable increase in the exploratory and locomotor activities of CINAP knockout mice compared to their wild-type littermates. In the literature, hundreds of mouse genetic models have been characterized by abnormal locomotor or exploratory activities (see the database 'Mouse genome informatics' at the website: http://www.informatics.jax.org/searches/MP_form. shtml). It is clear that the relationship between genes and locomotor and exploratory activities is not monotonic. At the moment, the molecular mechanism underlying the role of CINAP in locomotor and exploratory activities remains uncertain. Since CINAP acts as nucleosome assembly protein, it will be certainly interesting to compare the gene expression profile of CINAP knockout mice with that of wild-type littermates by microarray analysis in the future. By analyzing CINAP target genes, we may extract useful information explaining how CINAP regulates locomotion and exploration in mice.
An analysis of the brain expression patterns of genes related to locomotion led to the suggestion that genes that are associated with locomotor hyperactivity are more expressed in the cerebral cortex, amygdala and hippocampus compared with the genes unrelated to locomotion [27] . The CINAP protein expression pattern in brain actually fits very well into this category. In addition to locomotion, amygdala is also involved in the regulation of exploratory activity in rodents [28] . CINAP expression in amygdala associated nucleus may therefore contribute to regulation of exploratory activity. Our results also indicated high expression levels of CINAP protein in hypothalamus, an important brain region that controls many physiological responses through neural circuits and neuroendocrine systems. Previous studies have shown that modulation of the neuronal activity in the hypothalamus influences the exploratory activity of mice [29] [30] [31] . More- over, it has been documented that hippocampus, cerebral cortex, and amygdala all project either directly or indirectly to the hypothalamus [32, 33] and thus influence the neural activity of the hypothalamus. Therefore, CINAP expression in these brain areas may modulate the expression of specific genes and thus control the exploratory and locomotor activities of mice.
Other Physiological Functions of CINAP
Previous studies demonstrated that CINAP is a downstream target of TGF-␤ 1 [11, 34, 35] and is involved in downregulation of the cell cycle [12, 36] , suggesting that CINAP is involved in development and/or tumor growth. However, deletion of CINAP from mice did not obviously influence brain development. Before the age of ϳ 15 months, the CINAP knockout mice grew normally, and the global appearances and body weights of the CINAP knockout mice were also comparable to their wild-type littermates. This is not clear at this moment whether CINAP knockout results in tumor formation or other defects in mice older than 15 months. More detailed examinations need to be performed to determine whether CINAP deletion influences tumor formation.
In conclusion, our study indicates that CINAP regulates the exploratory and locomotor activities of mice. Although CINAP was previously shown to modulate NMDAR2b expression in cultured hippocampal neurons, deletion of CINAP in mice influenced neither brain NMDAR2 expression nor learning/memory behaviors. Perhaps other nucleosome assembly proteins compensate for the effect of the CINAP knockout. More investigations need to be carried out to examine whether CINAP contributes to tumor formation in vivo. 2321-B-001-032). The authors declare no conflicting financial interests. 
